Abstract-Spaceborne synthetic aperture radar (SAR) plays more and more important role in Earth observation science, especially with ScanSAR mode which provides wide-swath coverage with moderate resolution. However, scalloping and inter-scan banding (ISB) are two major artifacts, which significantly degrade the quality of ScanSAR images. In this paper, a novel technique for removal of scalloping and ISB in ScanSAR images is proposed. Scalloping and ISB artifacts are modeled by two-dimensional gain and offset parameters varying as function of both azimuth time and range position. The gain and offset parameters can be split into azimuth and range components. The variations of gain/offset with respect to azimuth and range positions would represent scalloping and ISB artifacts respectively. In the proposed technique, recursive and minimum mean square error (MMSE) estimates of azimuth gain/offset parameters are found out by using Kalman filter for each azimuth location in a subswath by considering corresponding range samples as observation vector. Subsequently, range gain/offset parameters causing ISB artifacts are estimated by using Kalman filter for each range positions by considering azimuth samples as observation vector. The MMSE estimates of gain/offset parameters are used to directly remove scalloping and ISB artifacts. The proposed scheme was applied on simulated as well as calibrated real ScanSAR images. The experimental results exhibited the potential of proposed technique to be used as post processing tool for enhancing ScanSAR image quality.
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INTRODUCTION
Recent space missions had opened new horizons in the area of remote sensing. The spaceborne synthetic aperture radar (SAR) systems have attracted special interest in remote sensing tasks due to its high resolution [1, 2] , day/night operations, weather insensitivity and global coverage. Recently, SAR systems have been employed for environmental monitoring [3] , surveillance [4, 5] , target identification [6] , public security [7] , navigation [8] and target recognition [9] .
SAR systems are operated in various modes such as stripmap, ScanSAR, spotlight and etc.. In order to achieve wide swath in slant range, ScanSAR obtains multiple subswaths by tilting the antenna pattern in elevation. Due to scanning mechanism of ScanSAR, its system transfer function is time variant. The overall gain of system exhibits periodical variations over azimuth direction. The resulting periodic variations of output signal intensity as function of azimuth time is called scalloping.
TOPSAR (TOPS) [10] mode has demonstrated reduced scalloping compared to ScanSAR images, but it still requires scalloping correction processing. Moreover, TOPS achieves lower scalloping at the cost of sacrificing azimuth resolution. TOPS employs antenna electronically beam steering, and therefore, requires more T/R modules in radar antennas, leading to more expensive, higher weight, and difficult to be built. Also, not all SAR satellites can operate in TOPS mode, and therefore, employ ScanSAR mode to attain wide swathwidth SAR images. Hence scalloping removal is an important task in ScanSAR signal processing.
Several studies have been proposed to reduce scalloping effects in ScanSAR images. The first popular technique to remove scalloping was proposed by Bamler [11] . Bamler's technique involved computation of weighting factors to counter time variation of system function in azimuth direction. In his benchmark work, Vigneron [12] evaluated inverse antenna pattern and presented the state-of-the-art results that scalloping can be suppressed for high signal-to-noise ratio (SNR).
SAR systems can be calibrated by acquiring signals over areas having uniform backscatters. Shimada et al. [13, 14] used Amazon forests for calibration of SAR systems by exploiting the fact that Amazon forests' backscatters are uniform and independent of incident angle. In [15] , the authors extended their work to address scalloping artifacts using Amazon forests, and proposed an improved version of descalloping method of [11] by introducing a new normalization scheme that suppresses the deviation of power due to shift in estimated antenna pattern. This method presented good calibration results in presence of slight deviation of antenna pattern.
Romeiser and et al. [16] proposed a descalloping filter based on post-processing modification of spectrum of ScanSAR image, in which the scalloping related peaks in the ScanSAR image spectrum are identified. The technique is iterated to refine filtering results. It results in lower SNR, and requires huge computational load due to processing of 50% overlapped sub-images and iterative nature of algorithms. An iterative mechanism was adopted by [17] to remove scalloping in ScanSAR images. They used the look-weighting method proposed by [11] along with iterative estimation of Doppler centroid. The technique proposed by [17] was not tested on real ScanSAR images though it worked well for simulated images.
The ScanSAR mode of operation suffers from another type of artifact which is called inter-scan banding (ISB). The ISB appears between two neighboring scans as intensity difference at the border of two scans. Even if range antenna pattern (RAP) is calculated exactly, ISB may occurs due to temporal variation of RAP, noise floor and background intensities [15] . For Radarsat-1 and ENVISAT, ISB was corrected by updating roll angle and correcting range dependent gain by using overlap regions of two neighboring subswaths assuming RAPs are known [18] . A dynamic balancing method was proposed by [15] for removal of ISB by local intensity equalization.
In this paper, we propose a novel technique for removal of scalloping and inter-scan banding. We modeled scalloping by onedimensional gain and offset parameters in [19] , and employed Kalman filters to mitigate scalloping. In this paper, we extended our model to include ISB artifacts. In this paper, scalloping and ISB artifacts are modeled by two-dimensional gain and offset parameters varying as function of azimuth time and range positions. The variation of gain/offset as function of azimuth can represent periodic variations in azimuth and inter-swath random variations of phase (known as scalloping) whereas ISB can be represented by variation of gain/offset as function of range position. For sake of simplicity, gain/offset functions can be split into two independent one dimensional (1D) functions, varying in azimuth and range directions. The separability of gain and offset functions is justified due to existing independence between phenomenons underlying scalloping and ISB artifacts. In the proposed technique, the recursive and minimum mean square error (MMSE) estimates of azimuth gain/offset parameters are found out for each azimuth location in an arbitrary subswath by using corresponding range samples as observation vector. These estimated gain/offset parameters are used to remove the scalloping artifact from ScanSAR image. In the similar fashion, range gain/offset parameters are found out by using Kalman filter for each range position and ISB is removed with the help of the estimated parameters. The proposed scheme was tested on both simulated images and real ScanSAR images. The experimental results exhibit the potential of proposed framework to be applied as post processing tool in both calibrated and non-calibrated SAR images.
The rest of the paper is organized as follows. The overview of ScanSAR transfer function is given in Section 2. The proposed framework including ScanSAR image model is explained in Section 3 and simulation results are discussed in Section 4. Finally, the paper is concluded in Section 5.
SCANSAR TRANSFER FUNCTION
The ScanSAR operational diagram is shown in Fig. 1 . Total swath width is divided into L number of subswaths and each subswath is covered by tilting antenna in elevation. The number of subswaths in case of Fig. 1 is four. Each subswath is illuminated for dwell time, T D and it will return to the same swath number after time T R . In the ScanSAR literature, T R is called return time and it is less than SAR aperture time, T F . where x is the closest approach time and r is the shortest slant range. The pulse response of a target located in (r, x) for SAR system can be given as [20] 
If we consider that S(τ, t) is representation of SAR image in signal domain and S(r, x) is its corresponding representation in data domain
where G ϕ is azimuth antenna pattern (AAP) and it varies as a function of ϕ = vt/r. δ(τ ) is the range compressed pulse delayed by antennatarget differential time with ∆R defined as [20] 
The third term in SAR pulse response given by (1) represents frequency dependent phase shift. Since pulse response of SAR depends on difference between current position of satellite and closest approach time so it is stationary in azimuth direction. ScanSAR is a special mode of operation of conventional SAR where sensor is operated into bursts over series of range subswaths as shown in Fig. 1 . Thus pulse response of ScanSAR can be obtained from pulse response of SAR by windowing (1) with a square wave w SS that implements mathematical model of ScanSAR operation shown in Fig. 1 :
The pulse response of ScanSAR can be given as [20] 
where
In (4), ⊗ represent convolution. The pulse response of SAR, h SAR depends only on difference between current position of satellite and shortest approach time so it is stationary. The ScanSAR pulse response depends on current satellite position and closest approach time rather than their difference. The ScanSAR azimuth spectrum is cyclostationary [20] and effective azimuth antenna weighting factor is shown in Fig. 1 . Due to this time varying nature of ScanSAR system, effective gain may vary periodically over azimuth causing scalloping in ScanSAR images. Similarly, effective range antenna weighting factor for a certain azimuth time varies as function of range position which results in ISB. A typical antenna weighting function with respect to range position is also shown in Fig. 1 .
PROPOSED FRAMEWORK

ScanSAR Imaging Model
Keeping in view (1) and (4), the single look complex (SLC) signal of ScanSAR in data domain can be modeled by following equation
where S 0 is ideal ScanSAR signal, which is free of scalloping and interScan banding artifacts. In (5), g(r, x) and o(r, x) are two dimensional (2D) functions representing gain and intensity offset respectively. The gain function g(r, x) would represent two variations; variation of signal strength due to periodic changes of gain in azimuth direction that causes scalloping and gain variation of range antenna pattern (RAP) that would contribute towards inter-scan banding (ISB). Due to underlying independence between the phenomenons causing scalloping and ISB, 2D gain function can be split into two independent functions varying in azimuth and range directions. The offset function o(r, x) in (5) takes into account variations in noise floor, background scatter energy and atmospheric conditions. (5) can re-written as
and
(6) to (8) are obtained by assuming that o(r, x) and g(r, x) can also be split into functions given by (8) . The terms of (6) to (8) are explained as follows
• S c (r, x): raw SLC signal from ScanSAR with inherent scalloping and inter-Scan banding.
• S 0 (r, c): ideal image without any scalloping or ISB.
• S s (r, x): ScanSAR signal corrupted with ISB only (no scalloping artifact).
• g X (x): gain variation in azimuth direction.
• g R (r): gain variation function in range direction.
• o X (x): azimuth dependent offset contributing towards scalloping.
• o R (r): range dependent offset contributing towards ISB.
We proposed a novel framework to remove scalloping and ISB using Kalman filters in azimuth and range direction sequentially. First of all we solve (6) to find S s (r, x) using Kalman filter and then to solve (7) to find S 0 (r, x). The formulation of Kalman filters for solving (6) and (7) are given in Subsections 3.2 and 3.3 respectively.
Removal of Scalloping
Let S c be matrix representation of a ScanSAR signal S c . S c (i, j) represents element of S c at i-th position in range direction and j-th location in azimuth direction, corresponding to SLC signal S c (r, x). Let S c be comprised of L total number of subswaths in a ScanSAR image.
c is an M × N matrix with M and N are number of samples in range and azimuth directions respectively. The S
The l-th subswath in ScanSAR signal can be given as
Each column of S (l) c comprises of M number of samples in range direction for a certain azimuth position j can be represented using (6)
where g
X is gain at j-th azimuth position in l-th subswath and o
X is offset as a function of azimuth position for l-th subswath, and v j(l) is measurement noise. We assume that g
X varies as function of azimuth only and it remains constant for all samples in range direction for a certain azimuth location j, and subswath l. In order to remove scalloping, gain and offset parameters should be found from range samples for each azimuth location in the subswath. If we assume that ScanSAR scatters follow Gaussian distribution, then problem in (10) can be looked as to find unknowns (g x and o X ) corrupted with Gaussian noise. In this scenario, Kalman filters [21] can be employed to estimate unknowns. Kalman filter is recursive, efficient, robust, easy to real-time implement filter and requires fewer number of observations for 'best' estimation of unknowns.
Kalman filter employs state space technique and iterative steps of prediction and correction. To solve 10, Kalman filter will be used to find minimum mean square error (MMSE) estimate of state vector
where A is state transition matrix and
T are noise sources associated with gain and offset respectively. The state transition matrix is given by
where µ k and ν k are parameters indicating inter-state drift of gain and offset respectively. In case of ScanSAR model, it can be assumed that gain and offset remain constant in range direction at certain azimuth position for a subswath. Therefore, the best estimation results are produced if µ k and ν k are set to unit magnitude in (12) . The observation model for (10) can be given as
where 
The posteriori estimate of state given by (14) can be given as a linear combination of an a priori estimate and a weighted difference between an actual measurement and a measurement prediction as given below [21] 
A priori predictor estimate,ẑ − k can be iteratively computed by usingẑ
In (15), k k is a 2 × 1 vector called Kalman gain or blending factor that minimizes a posteriori error covariance. The k k can be given as [21] 
where σ 2 v is measurement error co-variance. The a priori estimate error covariance can be given as estimate error covariance can be iteratively calculated as
where Q = σ 2 w I 2 (I 2 is a 2 × 2 identity matrix) is process noise covariance. Similarly, a posteriori estimate error covariance can be given as
where e k ≡ z k −ẑ k is called posteriori estimate error. It is updated by using relation
where I 2 is a 2 × 2 identity matrix. In order to initialize the solution of (17), the values ofẑ 0 and P 0 are required. We initialize witĥ z 0 = [0, 0] T and P 0 = I 2 (where I 2 is 2 × 2 matrix). For j-th azimuth position in a subswath of S c ,ẑ is estimated for all samples in range direction. The process is repeated for all azimuth locations in the subswath. An element of scalloping free ScanSAR signal matrixŜ s for l-th subswath can be estimated as followŝ
X are gain and offset for j-th location in azimuth direction for l-th subswath estimated by using (17) . The scalloping is removed by using (22) for all subswaths in order to obtainŜ s .
Removal of Inter-scan Banding
LetŜ s be an M × N matrix that represents descalloped SAR image obtained by applying (24). Letŝ i s be i-th row of descalloped ScanSAR imageŜ s . The matrix representation of descalloped ScanSAR image can be written aŝ
Using (7), descalloped SAR image can be written aŝ
Our aim is to find S 0 which is ideal ScanSAR image, free of both scalloping inter-scan banding. A row ofŜ s comprising of N number of samples in azimuth direction for i-th range position can be represented using (24)
where g i R and o i R are gain and offset at i range position and v i R is measurement noise. For sake of simplicity, we assume that g i R and o i R vary as function of range only and we are aiming to find MMSE estimate of state vector
T for each range sampling position in the subswath. Following the procedure given in Section 3.2, the state equation for range parameters can be given as
where A R k can be defined by using (12) but values of µ k and ν k may be different from the values used in case of scalloping and w R k is process noise. Similarly, the observation model for (25) can be given aŝ
is observation model in range direction and v R k is observation noise in range direction. A posteriori state estimate ofb k can be found as follows [21] 
where (σ R v ) 2 is measurement error co-variance in range direction. The a priori and a posteriori estimate error covariances, P − k and P k can be calculated by using (19) and (20) . For i-th range position of S s ,b is estimated for all samples in azimuth direction. The process is repeated for all range locations in S s . An element of scalloping free ScanSAR signal matrixŜ 0 can be estimated as followŝ
where g i R and o i R are gain and offset for i-th location in range direction estimated by using (28).
IMPLEMENTATION AND EXPERIMENTAL RESULTS
A number of experiments have been carried out on simulated as well as real ScanSAR images to remove scalloping and ISB artifacts. The simulated ScanSAR images are generated by introducing scalloping and banding artifacts in processed SAR images. As original SAR images are accessible, the performance of proposed technique can be quantified with simulated images. The proposed scheme was also tested on real ScanSAR image having residual scalloping artifacts. The initial conditions for estimation of gain and offset for azimuth and range positions are;ẑ 0 =b 0 = [0, 0] T , P 0 = I 2 and Q 0 = 1 × 10 −5 I 2 (where I 2 is 2 × 2 identity matrix).
Simulation of Scalloping and ISB Artifacts
Scalloping
Scalloping is a periodic noise as explained in Section 2. As explained in Section 2, system response is not parabolic rather it is parabolic in shape as shown in Fig. 1 , which can be modeled by expression
where 'a' is constant representing the average peak value of scalloping artifact; 'b' is constant which varies with respect to burst time; ϑ is a random variable representing the phase variation of scalloping artifact; ζ r and ζ x are random variables representing the intensity variation due to measurement noise in range and azimuth directions respectively. The expression given in above equation produces scalloping artifacts close to artifacts found in real ScanSAR systems.
Inter-scan Banding
ISB is possibly due to temporal change of the RAP and the variation in the noise floor and the background intensities [15] . In order to simulate ISB artifact, we used a polynomial representing an arc to represent intera-subswath variation of RAP and produced random shifts in intersubswath intensity. The polynomial to represent the arc is estimated based on the ISB artifacts in ScanSAR images given in [18] .
Experimental Results
A processed SAR image shown in Fig. 2 (a) was corrupted with scalloping artifact having inter-swath phase and intensity variations as shown in Fig. 2(b) . The proposed descalloping technique was employed to remove the scalloping from corrupted image. The ScanSAR image after removal of scalloping is shown in Fig. 2 ScanSAR images as proposed Kalman filter is unbiased filter. The proposed scalloping and ISB removal technique preserve the average radiometric value of ScanSAR image as evident in Fig. 2 . In case of simulated ScanSAR images, original images (free of scalloping artifacts) are available, so performance of proposed descalloping technique can be quantified. Two performance measuring metrics, i.e., peak signal-to-noise ratio (PSNR) and mutual information (MI) are employed to quantify the image enhancement obtained using proposed technique. Let S 0 and S c be original SAR image and SAR image corrupted with scalloping artifact respectively. IfŜ 0 is descalloped ScanSAR image, the PSNR is given as
where M and N are range and azimuth samples in SAR image, e 2 (i, j) is error function between S 0 andŜ 0 in i-th range position and jth azimuth positions and DR = max(S 0 ) − min(S 0 ). The mutual information between original image, S 0 and corrected image,Ŝ 0 is defined as
where P (s 0 ,ŝ 0 ) is joint probability mass function, and P (s 0 ) and P (ŝ 0 ) are marginal probability mass functions. The proposed descalloping scheme improved PSNR value from 26.2 dB to 36.1 dB and increased mutual MI from 0.8344 bits to 1.5534 bits for Fig. 2 . Another way to highlight the effectiveness of descalloping technique could be to observe intensity as a function of azimuth position in ScanSAR image. The azimuth intensity profiles extracted from the part of first subswath of simulated ScanSAR image (Fig. 2(b) ) is shown in Fig. 3(a) . The periodic variations in the intensity due to scalloping are quite visible in the intensity profile. The intensity azimuth profiles extracted from the same part of first subswath of the descalloped image (Fig. 2(c) ) is shown in Fig. 3(b) . The significant reduction in periodic variation in intensity profile in azimuth can be observed in Fig. 3(b) and restored signal is close to original image. The error in intensity of descalloped image compared to original image is shown in Fig. 3(c) . The comparison of intensity error of restored simulated ScanSAR image and intensity error of simulated SAR image exhibits the capability of proposed descalloping technique.
In order to test proposed scheme for removal of inter-Scan banding (ISB) in ScanSAR image, a typical inter-scan banding artifacts is
(c) Figure 3 . Comparison of azimuth intensity profiles; (a) azimuth intensity profile extracted from a part of first subswath of SAR image corrupted with scalloping ( Fig. 2(b) ); (b) azimuth intensity profile extracted from the same part of first subswath of SAR image descalloped using proposed technique (Fig. 2(c) ); (c) azimuth intensity error of descalloped image. Note: The intensity is normalized to 255, the gray level range used to display images.
overlaid on processed SAR image and this corrupted SAR image is used as test image for proposed ISB removal technique. The simulated ISB test image is shown in Fig. 4(a) . The initial conditions to estimate gain and offset in range direction by using (28) are same as were used for removal of scalloping. Once gain and offset for all range positions are known, image is corrected by applying (30). The image corrected by applying proposed technique is shown in Fig. 4(b) . It can be observed that proposed technique has considerably reduced the interScan banding artifact. The proposed ISB removal scheme improved PSNR value from 33.6 dB to 42.1 dB and increased MI from 1.6132 bits to 2.1757 bits. The proposed descalloping and ISB removal technique was applied to test image corrupted with both scalloping and ISB artifacts. The test images is created by adding scalloping and ISB artifacts sequentially and resulting test image is shown in Fig. 5(a) . The proposed technique was first used to remove scalloping by applying Kalman filters on all positions in azimuth direction and descalloped image by following the same initial conditions used to produce results shown in Fig. 2 . The descalloped image is shown in Fig. 5(b) . It can be seen that scalloping has been removed but inter-scan banding artifact is present. In order to remove inter-scan banding, the Kalman filter given in Section 3.3 was applied on all range positions in the ScanSAR image and final image is shown in Fig. 5(c) . Results shown in Fig. 2 to Fig. 5 support that the proposed technique can be directly employed as an effective procedure for removing scalloping and inter-scan banding (a) (b) Figure 6 .
Removal of scalloping from real ScanSAR image; (a) real ALOS/PALSAR ScanSAR image after scalloping-calibration but residual scalloping artifacts can be seen in zoomed patches; (b) image after removal of scalloping using proposed technique. The azimuth intensity profiles of zoomed patches in original and processed images are shown with their respective patches.
in ScanSAR image formation processing. The proposed technique is invariant to order of removal of scalloping and ISB. Fig. 5(d) shows ScanSAR image, where ISB removal was performed prior to removal of scalloping. It can be observed that reversal of removal order of scalloping and ISB does not have effect on results. This supports our initial assumption of decoupling scalloping and ISB.
Finally, the proposed technique is applied to real ALOS/PALSAR ScanSAR image in ocean area as shown in Fig. 6(a) . The ScanSAR image shown in Fig. 6(a) has been obtained after accurate Doppler centroid estimation in image formation processing and employing dynamic filtering [15] , but still residual scalloping artifacts can be observed. The ScanSAR image obtained after applying proposed technique is shown in Fig. 6(b) . The selected patches from the original and processed images are enlarged along with intensity variations in azimuth positions in the respective parts of Fig. 6 . The comparison of visual quality and azimuth intensity profiles exhibits that the proposed technique can also be applied as post-processing step for removal of residual scalloping in scalloping-calibrated ScanSAR images to enhance their quality.
CONCLUSION
A novel scheme is proposed to remove scalloping and inter-scan banding (ISB) in ScanSAR images. The scalloping and ISB are modeled by parameters varying in azimuth and range directions respectively, and these parameters are estimated by using minimum mean square error Kalman filters. For estimation of scalloping parameters in a subswath, range samples for each azimuth position are taken as observations to obtain recursive MMSE estimate. Similarly, for range parameters, azimuth samples for each range position are taken as observations to obtain recursive MMSE estimate. The estimated parameters are used to remove scalloping and ISB artifacts sequentially. The simulation results exhibit potential of proposed technique to remove scalloping and ISB in ScanSAR imaging. The The proposed technique is robust, and does not require knowledge about SAR antenna pattern or system calibration parameters.
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